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Abstract: This study presents an improved method of constant reactive loading for the miniaturisation of quarter-
wavelength transmission lines. The method provides an optimum location for loading, which maintains the electrical
characteristics before and after miniaturisation. Therefore circuits based on transmission lines can be miniaturised with
negligible deterioration in performance. This simple yet highly effective method is especially attractive for popular
multi-section circuits, in which a number of sections are cascaded for wider bandwidths. Experimental results of
various Chebyshev multi-section impedance transformers not only verifies the effectiveness of this method in
bandwidths as large as 99% with a size reduction of more than 55%, but also demonstrates the method’s flexibility of
design.1 Introduction
Quarter-wavelength transmission lines are essential components for
various microwave circuits including branch-line hybrid couplers,
ring hybrid couplers, Wilkinson power dividers, filters and
impedance transformers [1]. Recently, progress has been made in
miniaturising a quarter-wavelength transmission-line section and/or
circuits based on such lines. Among them, the methods of reactive
loading [2–5] have been regarded as the most attractive method
because of their simplicity. These methods have been widely
applied in the miniaturisation of various planar circuits including
Wilkinson power dividers [6] and bandpass filters [7]. However,
the methods rely on the equivalence of the electrical performance
before and after miniaturisation only at the design frequency.
Therefore performance deterioration is inevitable at other
frequencies.
Similar methods such as periodic loading [8–10], artificial
transmission lines [11–16] and distributive loading [17–19] have
demonstrated considerable size reduction for branch-line hybrid
couplers [11–19], ring hybrid couplers [10–12], Wilkinson power
dividers [8] and dual-band filters [9]. However, the major
disadvantages of these methods include less accuracy when the
number of loading is small, and there is unwanted coupling
between adjacent lines. These issues need to be addressed through
intensive full-wave simulations.
In addition, structural modification has been a popular
miniaturisation method. For example, the integration of the
composite right-/left-handed technique with a fractal structure [20–
23] demonstrated not only a size reduction factor of up to 90%
[21], but also a substantial bandwidth enhancement for a power
divider [22] or a balun [23]. Other methods include a defected
ground plane, which allows for harmonic suppression [24–26] or
exhibits low loss [27–29]; a complementary-conducting-strip line
[30]; a perforated ground metal [31]; and lattice-ladder topology
[32]. The major drawbacks are high fabrication cost and a
relatively complex design procedure that relies heavily on
full-wave simulation.
This paper presents an improved reactive loading method for the
miniaturisation of transmission lines that provide minimal
performance degradation. Compared with previous state-of-the-art
methods of miniaturisation [11–32], the proposed method is based
on popular reactive loading. The structural simplicity of themethod allows for accurate estimation of the performance with
circuit simulations, which expedites the design process. In this
paper, an optimal location of reactive loading is determined; this
location retains the properties of a quarter-wavelength transmission
line before and after loading. Therefore, compared with previous
miniaturisation methods based on reactive loading [2–10], a
transmission-line circuit can be miniaturised with negligible
degradation in performance. Furthermore, the proposed method is
far more attractive, especially for multi-section circuits (in which a
number of sections are cascaded to achieve wider bandwidths),
since the performance of previous methods degrades even more at
frequencies farther away from the design frequency.
For experimental verification, various multi-section Chebyshev
impedance transformers are demonstrated. Minimal degradation in
performance is observed in bandwidths as wide as 99% with a
miniaturisation rate of more than 55%.2 Miniaturisation of transmission line
Fig. 1 shows the schematics of conventional quarter-wavelength and
proposed transmission lines. These are loaded symmetrically with n
identical series inductors or shunt capacitors for miniaturisation,
where n is the total number of reactive elements. All transmission
line sections in the miniaturised lines have the same characteristic
impedance ZL or ZC for shunt-capacitive loading. It is assumed
that all transmission line sections between two reactive elements
are of a commensurate length θ2, whereas the length of the two
end sections is θ1, which generally is different from θ2.
Miniaturisation is achieved when the total electrical length θ = 2θ1
+ (n− 1)θ2 is shorter than 90°.
Conditions of miniaturisation can be obtained with the ABCD
parameters of the two lines












where the superscripts C and R denote conventional905
Fig. 1 Transmission lines
a Conventional quarter-wavelength transmission line
b Series-inductively loaded transmission line
c Shunt-capacitively loaded transmission line
d ABCD matrix representation of reactively loaded linesquarter-wavelength and reactively loaded transmission lines,
respectively. The superscripts LH and RH denote the left-handed
and right-handed parts of the miniaturised line, respectively.
Since the structure is symmetric with respect to its centre, the
ABCD matrices of left and right parts are inverse to each other. In
addition, aLHdLH− bLHcLH = 1 and aRHdRH− bRHcRH = 1, since










Now, (1b) can be expressed as
ABCDR = a
LHdLH + bLHcLH 2aLHbLH
2cLHdLH aLHdLH + bLHcLH
[ ]
(3)
Finally, the design parameters of the miniaturised line can be
obtained by equating the ABCD parameters of the conventional
line in (1a) and the reactively loaded line in (3).
2.1 n = 2 case
For n = 2, the characteristic impedance ZL and the loading inductance













2 (u1 + u2/2)− sin2 (u1 − u2/2)
[ ] (4b)














2 (u1 + u2/2)− sin2 (u1 − u2/2)
[ ] (5b)
In (4) and (5), ω0 = 2πf0 is the angular velocity at the design
frequency where the electrical length of the lines before and after
miniaturisation is 90°.
The n = 2 case is the generalised version of previous methods of
reactive loading since, for example, θ1 = 0° corresponds to the case
of reactive loading at the two ends as in [2, 4], and θ2 = 0°
corresponds to that of centre loading [5]. For the former, both the
numerator and the denominator in (4b) and (5b) vanish. In this
case, the conditions must be derived from (1) and (3) with θ1 = 0°.
The conditions are




for series-inductive loading, and




for shunt-capacitive loading. When θ2 = 2θ1, the method becomes



































for shunt-capacitive loading. These conditions for uniform loading
are somewhat different from those in [8]. Those in (8)–(9) are
based solely on the equality of ABCD parameters at the design
frequency. Therefore the same performance is guaranteed before
and after miniaturisation at the frequency. On the other hand,
conditions in [8] are based on the transmission line theory,
assuming that the loading reactance or susceptance is distributed
uniformly along the line. Therefore a relatively large degradation
of performance can be observed when n is small.
2.2 n≥ 3 case
For n = 3, the equations for the impedances ZL and ZC both become
cubic functions. For series-inductive loading, the characteristic
impedance ZL can be obtained by solving the following equations
X1Z
3
L + X2Z2L + X3ZL + X4 = 0 (10)IET Microw. Antennas Propag., 2015, Vol. 9, Iss. 9, pp. 905–912
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where
X1 = cos3u1
X2 = Z0{−cos3u1 cosu2 sinu2 − cos2u1 sinu1(1+ sin2u2)
− cos u1 cos u2 sin2 u1 sin u2 − sin3u1 sin2u2}
X3 = Z20{−cos3u1 sin2u2 + cos2u1 cos u2 sin u1 sin u2
− cos u1 sin2u1(1+ sin2u2)+ cos u2 sin3 u1 sin u2}
X4 = Z30 sin3u1
Using the solution of (10), the loading inductance L can be obtained
by the following equation
L = ZL
ZL cos (u1 + u2)− Z0 sin (u1 + u2)
v0 sin u2(ZL cos u1 − Z0 sin u1)
(11)
In addition, for shunt-capacitive loading, the characteristic
impedance ZC can be found by solving the cubic equation
Y1Z
3
C + Y2Z2C + Y3ZC + Y4 = 0 (12)
where
Y1 = sin3 u1
Y2 = Z0{− cos3 u1 sin2u2 + cos2 u1 cos u2 sin u1 sin u2
− cos u1 sin2u1(1+ sin2u2)+ cos u2 sin3 u1 sin u2}
Y3 = Z20{−cos3 u1 cos u2 sin u2 − cos2 u1 sin u1(1+ sin2u2)
− cos u1 cos u2 sin2u1 sin u2 − sin3 u1 sin2u2}
Y4 = Z30 cos3 u1
Then, using the solution of (12), the loading capacitance C can be
obtained by the following equation
C = 1
ZC
Z0 cos (u1 + u2)− ZC sin (u1 + u2)
v0 sin u2(Z0c os u1 − ZC sin u1)
(13)
As n increases, the degree of the equation for ZL or ZC increases by
the same amount. Thus, the equations become relatively complex to
solve analytically for n≥ 4. In this paper, a generic numerical code
has been written to obtain the design parameters that equalise the
ABCD parameters in (3) with (1a) for an arbitrary n.Fig. 2 Comparison of S11: ideal (90°) with arbitrary characteristic




c dRe{S11}/dF3 Optimal location of reactive loading for minimal
performance deterioration
The miniaturisation method in the previous section relies only on the
equivalence of ABCD parameters before and after loading, only at
the design frequency. Therefore when a circuit is developed with
such lines, performance deterioration at other frequencies is
inevitable, causing bandwidth shrinkage [2]. In addition, properties
such as passband response in cascaded circuits and isolation in
multi-port circuits may deteriorate.
As seen in Section 2, the design parameters of a miniaturised
transmission line are functions of the locations of reactive loading,
that is, θ1 and θ2. This indicates that even if θ1 and θ2 are
miniaturised to the same length θ, performance degradation is
different for a different set of θ1 and θ2. This suggests that an
optimum location of loading may exist that minimises the
performance deterioration because of miniaturisation.
For an ideal transmission line, comparing S11 before and after
miniaturisation is sufficient to assess degradation in performance
because of miniaturisation. An example is shown in Figs. 2a and bIET Microw. Antennas Propag., 2015, Vol. 9, Iss. 9, pp. 905–912
& The Institution of Engineering and Technology 2015for series inductively loaded lines of θ = 2θ1 + θ2 = 30° and 60°
with n = 2. For each length, three different locations of reactive




The location of loading P = 100% corresponds to reactive loading at
the two ends, whereas P = 0% corresponds to reactive loading at the
centre of the line; when P = 72%, 18θ1 = 7θ2. For example, P = 72%
when θ1 = 13.125° and θ2 = 33.75° for θ = 60°. The design
parameters can be calculated from (4) using the corresponding θ1
and θ2.907
Figs. 2a and b show that Re{S11} = 0 and Im{S11} = 0 at the centre
frequency not only for the conventional, but also for the miniaturised
lines, regardless of the values of P or the miniaturised length θ.
However, although the ideal quarter-wavelength line remains
perfectly matched at all frequencies, this is not the case for
miniaturised lines, as evidenced by the changes in S11 in Figs. 2a
and b. In addition, depending on P, degradation in matching may
be substantial. It becomes obvious that a circuit based on such
miniaturised transmission lines will experience a deterioration in
performance. This suggests that, in addition to the equivalence of
ABCD parameters (and therefore Z, Y and S parameters) at the
design frequency, the miniaturisation method requires an
additional condition to minimise degradation in performance.
The mathematical similarity of S11 before and after miniaturisation
is a direct measure of physical resemblance between the two lossless
lines. Mathematically, two functions are equal when they intersect
and have the same differential functions. Since S11 = 0 for both
lines, the derivatives of S11 of both lines remain to be examined.
Before miniaturisation, the derivatives of both the real and
imaginary parts of S11 vanish at all frequencies. However, this is
not the case for miniaturised lines, as shown in Fig. 2c, where the
derivative of the real part is shown only because the derivative of
the imaginary part is negligible. For example, the change in the
derivatives of S11 with respect to F (frequency normalised by the
design frequency) is significant for P = 15%. However, the change
becomes insignificant when P = 72%, which indicates a
mathematical similarity between the responses of ideal and
miniaturised lines over a wide bandwidth. Since dRe{S11}/dF = 0
at the design frequency F = 1 for an ideal line, the combination of
θ1 and θ2 that minimises |dRe{S11}/dF| at F = 1 after loading is the
optimum location of loading θ1 and θ2 or P that minimises
deterioration in performance because of loading.Fig. 3 Optimal location of reactive loading with respect to design variables
a Miniaturisation length θ
b Number of loading n
908Fig. 3 shows the calculated optimal P. Since the series-inductive
loading and shunt-capacitive loading methods are dual structures,
the optimal locations for both methods are identical. Although the
optimum location remains practically the same with respect to the
length of miniaturisation θ, a minor difference is observed with
respect to n. For example, P = 72% can be considered the
optimum location for n = 2 regardless of θ. The optimum location
decreases as n increases, eventually converging to 66.7%, which
corresponds to equally spaced loading. This also validates the
proposed analysis, since for an infinitely large n, both θ1 and θ2
become sufficiently infinitesimal that the loading capacitance (or
inductance) can be treated as a distributed parameter of the
transmission line section, which then makes the line effectively
synthetic.
The importance of the optimum location of loading can be verified
in Fig. 4, which compares the calculated effective characteristic
impedance Zeff of quarter-wavelength miniaturised lines with n = 2
at various loading locations. Zeff is the effective characteristic
impedance of a virtual synthetic transmission line that has the
same electrical characteristics as the reactive-loaded line. Zeff is the
same as the characteristic impedance Z0 of its conventional
counterpart at the design frequency. However, because of the
frequency-dependent characteristics of the miniaturised line, Zeff
changes as the frequency changes. Compared with other locations,
the bandwidth in which Zeff remains 50 Ω is remarkably larger for
P = 72%, regardless of θ. Although it is not shown here, P = 72%
also provides the widest bandwidth over which the effective
electrical length is maintained at 90°. This shows that the optimal
location in Fig. 3 is indeed the location that maintains the
electrical properties of a transmission line before and after
miniaturisation. Finally, because of the low-pass-like structure of
the proposed method of reactive loading, performance degradation
in miniaturised lines is more severe at the higher band edge than
at the lower edge.
Fig. 5 shows examples of design curves. For a higher degree of
miniaturisation, the impedance level decreases for inductive
loading, whereas it increases for capacitive loading. Therefore,
regarding the impedance levels, the former is more suitable for
miniaturisation of high-impedance lines, and the latter is more
suitable for low-impedance lines. Fig. 5 also shows that the
characteristic impedance of transmission line sections in a
miniaturised line remains practically the same regardless of n. A
higher degree of miniaturisation is achieved with more reactive
elements and/or higher reactance. However, for the same θ, the
total loading reactance is maintained at nearly the same value
regardless of n. This, together with the fact that performance
degradation such as bandwidth shrinkage is less severe for a
higher n (i.e. when the line is loaded more densely), is a clear
indication that the optimal location is the location that distributes
the loading capacitance (or inductance) the most uniformly alongFig. 4 Comparison of effective characteristic impedance: ideal (90°) with
Z0 = 50 Ω and miniaturised lines of θ= 60° (thicker lines) and 30° (thinner
lines) with two (n = 2) series inductors at P = 15, 72 and 90%
IET Microw. Antennas Propag., 2015, Vol. 9, Iss. 9, pp. 905–912
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Fig. 6 Ideal circuit simulation results of Chebyshev impedance
transformers with Гm = 0.05 based on quarter-wavelength (90°) and
miniaturised transmission lines of θ= 30° (thinner lines) and 60° (thicker
lines) with n = 2




Fig. 5 Design curves for miniaturisation of quarter-wavelength lines with
n = 2 (thicker lines) and 10 (thinner lines) loaded at optimal locations
a Characteristic impedance
b Reactance and susceptance levelsthe line. However, this may not coincide with the location of
equally spaced loading (P = 66.7%) [8], especially when n is low.
The optimum location maximises the physical resemblance
between the unloaded and loaded lines for a given n and θ.
Mathematically, the location minimises the L2 norm of the
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where the superscripts C and R denote conventional and reactively
loaded lines, respectively. As a result, performance degradation is
minimised and can be improved somewhat further by increasing n
and/or θ.
These results can be applied to conventional quarter-wavelength
lines of any characteristic impedance. Therefore circuits that
consist of various quarter-wavelength transmission lines (e.g.
branch-line hybrid couplers, ring hybrid couplers, Wilkinson
power dividers and quarter-wavelength impedance transformers)
will maintain their performance nearly intact before and after
miniaturisation.
Fig. 6 compares the ideal responses of single- and multi-section
Chebyshev impedance transformers that match 25–50 Ω. The
conventional transformers in [1] are miniaturised by the previous
loading methods in [4, 8], as well as by the proposed method. For
example, the design parameters for a miniaturised impedance
transformer based on θ = 30° sections in Fig. 6a are ZC = 105.39 Ω
and C = 3.01 pF for the proposed method, and ZC = 106.08 Ω and
C = 3.14 pF for the method in [8]. The critical effect of loading
location can be evidenced clearly by comparing the performances
of the two transformers with nearly the same design parameters.
This shows that the proposed method provides a remarkable
improvement in performance that closely matches the response of
the ideal circuit, especially for a higher miniaturisation rate.IET Microw. Antennas Propag., 2015, Vol. 9, Iss. 9, pp. 905–912
& The Institution of Engineering and Technology 2015Furthermore, the effect of optimal loading is even more substantial
as more sections are cascaded to achieve a wider bandwidth. As the
number of cascaded sections increases, the response becomes even
worst because performance degradation in each section
accumulates. However, the proposed method provides a response
that is much closer to the ideal response even when three sections
are cascaded, as can be seen in Fig. 6c. Finally, although the
optimal locations in Fig. 3 have been calculated for lossless cases,
the effect of loss in practical transmission lines is minor. This will
be validated by the experimental results in Section 4.4 Experimental results of multi-section
transformers
For experimental verification, two transformers are designed at 1.5
GHz to have a Chebyshev response with Гm = 0.05. Transformer A909
is a two-section transformer that matches 25–50 Ω in a 66%
bandwidth, whereas Transformer B is a three-section transformer
that matches 100–50 Ω in a larger bandwidth of 99%.
The proposed method of reactive loading is capable of providing
not only characteristics of an ideal miniaturisation in terms of
performance, but also flexibility in design. For example, for
Transformer A, each section is miniaturised to a different length
so that all loading capacitances are the same. Then the transformer
can be fabricated with identical surface–mount–device (SMD)-type
capacitors, allowing for low-cost fabrication. For Transformer B,
each section is miniaturised to a different length and a different n
so that all transmission line sections are of the same characteristic
impedance. This is another way of simplifying the design process
because all junction discontinuities exhibit nearly the same
parasitic effects. In all cases, capacitors (or inductors) are loaded at
the optimal locations in Fig. 3.
The design procedure for Transformer A is as follows. First, θ =
36° with n = 2 is chosen for the first section, which is originally of
characteristic impedance 41 Ω. In this case, the lengths of
transmission-line sections are θ1 = 7.88° and θ2 = 20.24° for the
optimal P of 72% in Fig. 3. Then, 1.63 pF of shunt capacitance is
calculated with (5b) and the characteristic impedance of ZC =
102.40 Ω with (5a). For the second section with a 30.5 Ω
impedance, θ = 55.7° with n = 2 is chosen so that it can be
miniaturised also with 1.63 pF, the same capacitance as the first
section. Finally, ZC = 49.2 Ω is calculated with (5a) for the second
section. Other transformers can be designed in a similar way. For
n = 3, the design parameters can be calculated by (11). For a
higher n, they can be obtained numerically. If the parameters are
impractical, θ and/or n, and/or the type of loading, can be
changed. The design parameters for both transformers areTable 1 Design parameters for Transformers A and B
Transformer A Transformer B
Section Conventional Miniaturised Conventional Miniaturised
1 90° θ = 36°, n = 2,
P = 72%
90° θ = 46.5°, n = 3,
P = 70.2%
Z0 = 41 Ω ZC = 102.4 Ω,
C = 1.63 pF
Z0 = 57.4 Ω ZL = 29.7 Ω,
L = 2.30 nH
2 90° θ = 55.7°, n = 2,
P = 72%
90° θ = 37.7°, n = 4,
P = 69.4%
Z0 = 30.5 Ω ZC = 49.2 Ω,
C = 1.63 pF
Z0 = 70.7 Ω ZL = 29.7 Ω,
L = 2.41 nH
3 – – 90° θ = 30.6°, n = 5,
P = 68.9%
Z0 = 87.2 Ω ZL = 29.7 Ω,
L = 2.55 nH
Fig. 7 Final layouts of Transformer A (top) and Transformer B (bottom)
For Transformer A, 2012-sized SMD-type capacitors are placed in shaded regions
Circles indicate via-holes
For transformer B, d1 = d2 = 0.2 mm in all inductors
All dimensions are in millimetres
910summarised in Table 1. All miniaturisation lengths in this paper
are chosen for demonstration purposes. The miniaturisation rate
can be increased further by increasing the reactance and/or the
total number of loading n, yet performance degradation still can be
minimised by loading at the locations provided in Fig. 3.
For demonstration, Transformer A is miniaturised using
SMD-type lumped elements, whereas Transformer B is
miniaturised with series inductors in distributed forms of
high-impedance (123 Ω) meandered lines. SMD-type lumped
elements allow for compact size, but often suffer from tolerance in
their values, parasitic effects and relatively high loss because of
notorious low-Q properties. On the other hand, the performance of
distributed elements can be predicted more accurately, which
simplifies the design procedure. However, they generally require a
larger size.
The layout has been optimised with a full-wave simulator to
compensate for the parasitic effects of lumped elements and
junction discontinuities. Fig. 7 shows the detailed dimensions of
the final layout of both transformers on an RF-35 substrate from
Taconic with a relative permittivity of 3.5, a thickness of 0.76 mm
and a loss tangent of 0.0018. All transformers are realised in a
two-port configuration. The characteristic impedance of the output
feeding line is same as the impedance that the transformer is
designed to match. For example, a 100 Ω line is attached to the
port 2 of Transformer B. However, a 50 Ω line is attached to port
2 of Transformer A since a 25 Ω line is too wide to fit in the
3680-20 test fixture in which the samples are placed during
measurement. Shown in Fig. 8 is a photograph of all fabricated
transformers, along with the corresponding conventional
quarter-wavelength transformers. The size reduction factor
calculated from the physical lengths is (1− 30.38 mm ÷ 59.13
mm) × 100 = 49% and (1− 42.01 mm ÷ 93.2 mm) × 100 = 55% for
Transformers A and B, respectively. Owing to the non-zero
lengths of semi-lumped elements, the size reduction factor is
slightly smaller than the miniaturisation rate of (1− 114.8° ÷ 270°) =
57.5% for Transformer B.
Measurement is performed from 0.5 to 2.5 GHz using an
MS4624D vector network analyser from Anritsu. Line–reflect–line
calibration sets the reference planes at the end of the feeding lines,
immediately inside the test fixture. The reference planes of
calibration are shown for Transformer B in Fig. 7. The effect of
non-50 Ω ports can be calibrated out by simply assigning the
intended impedance as the port impedance when the measured
data are post-processed. For example, the S-parameters of
Transformer B, which matches 50–100 Ω, can be obtained by
post-processing the measured data with 100 Ω as the port
impedance of the output port. At the same time, the 10-mm-long
feeding lines at both ends can also be calibrated out.
Fig. 9 shows the measured results. Provided in the same figure are
full-wave simulation results by high-frequency structure simulatorIET Microw. Antennas Propag., 2015, Vol. 9, Iss. 9, pp. 905–912
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Fig. 8 Photograph of fabricated multi-section impedance transformers[33] for comparison and ideal circuit simulation results for
conventional transformers for reference. The measured reflection
of both the two-section and three-section transformers shows
strong agreement with the ideal responses. They also demonstrateFig. 9 Measured (thicker lines) and full-wave simulated (thinner lines)
results of conventional and miniaturised multi-section Chebyshev
impedance transformers with Гm = 0.05
Ideal (dotted lines) responses are also given for reference
a Two-section transformer that matches 25–50 Ω
b Three-section transformers that matches 100–50 Ω
IET Microw. Antennas Propag., 2015, Vol. 9, Iss. 9, pp. 905–912
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counterparts within the specified ripple bandwidths of 66 and
99%, while maintaining nearly the same ripple level of Гm = 0.05
or a reflection of 26 dB even with more than 55% reduction in
size. When the reflection levels remain low within the passband,
the insertion loss is dominated by the ohmic loss. This is governed
by the skin effect, which is verified by the measured transmission
that decreases as the frequency increases, showing good agreement
with the simulated results. The results in Fig. 9 for various n and
various θ verify the effectiveness of the proposed approach.
Finally, a comparison of measured transmissions shows that the
effect of miniaturisation on loss performance is negligible, even in
Transformer A, which is based on SMD lumped capacitors.5 Conclusion
This paper demonstrated an improved miniaturisation method for
quarter-wavelength transmission lines that provides minimal
degradation in performance. The optimal location of reactive
loading maintains responses before and after miniaturisation.
Compared with previous methods of reactive loading, a
remarkable improvement in performance is achieved in reactively
loaded circuits, especially when a number of sections are cascaded
for bandwidth enhancement. Moreover, the method provides
design flexibility that allows lines to be miniaturised with various
conditions and still maintain minimal performance degradation.
Furthermore, the freedom in choosing n, θ and the type of loading
allows the proposed technique to be applied to l/4 lines of all
impedances, and the method can also be extended to miniaturise
transmission lines of any lengths. Further investigation of the
effects of transmission-line sections with incommensurate lengths
remains as future work, and as a possible solution to relieve the
practical limitations of the proposed method of miniaturisation.6 Acknowledgments
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